Purpose Patient-specific instrumentation (PSI) for total knee arthroplasty (TKA) may improve component sizing. Little has been reported about accuracy of the default plan created by the manufacturer, especially for CT-based PSI. The goal of this study was to evaluate the reliability of this plan and the impact of the surgeon's changes on the final accuracy of the guide sizes. Methods Forty-five patients eligible for primary TKA were prospectively enrolled. The planned implant sizes were prospectively recorded from the initial manufacturer's proposal and from the final plan adjusted in light of the surgeon's evaluation; these two sizes where then compared to the actually implanted sizes. Fisher's exact test was used to test differences for categorical variables. Agreement between pre-operative plans and final implant was evaluated with the Bland-Altman method. Results The manufacturer's proposal differed from the final implant in 9 (20.0%) femoral and 23 (51.1%) tibial components, while the surgeon's plan in 6 (13.3%, femoral) and 12 (26.7%, tibial). Modifications in the pre-operative plan were carried out for five (11.1%) femoral and 23 (51.1%) tibial components (p = 0.03). Appropriate modification occurred in 22 (88.0%) and 19 (76.0%) cases of femoral and tibial changes. The agreement between the manufacturer's and the surgeon's pre-operative plans was poor, especially with regard to tibial components. Conclusion The surgeon's accuracy in predicting the final component size was significantly different from that of the manufacturer and changes in the initial manufacturer's plan were necessary to get an accurate pre-operative plan of the implant sizes. Clinical relevance Careful evaluation of the initial manufacturer's plan by an experienced knee surgeon is mandatory when planning TKA with CT-based PSI. Level of evidence II.
Introduction
Patient-specific instrumentation (PSI) for total knee arthroplasty (TKA) was initially introduced to improve the accuracy in components' alignment and the efficiency of knee replacement surgery. Theoretical advantages claimed for PSI were the possibility to decrease surgical time and costs of the procedure by reducing the number of surgical steps, instrument trays used and planning time. Initial proponents of this technology also suggested that it could help in minimizing blood loss, and improve clinical outcome [1] [2] [3] .
Preliminary studies confirmed that PSI is effective in reducing surgical time [1, 2, [4] [5] [6] [7] [8] and may help to achieve better prosthetic component position and sizes in TKA [1] [2] [3] , but recent reviews suggested care when interpreting these initial results [9, 10] .
Computer software can indeed facilitate pre-operative planning and help predicting intra-operative resections and component sizes. However, errors made in the initial steps of the planning process can be reproduced and amplified if PSI technology is blindly accepted without verification [11] . Understanding of the reliability of this technology and knowing its limitations is, therefore, of pivotal importance. Although numerous studies on PSI have been published, little has been currently reported about the accuracy of the default plan created by the manufacturers (manufacturer's plan, MaPl), with some authors advising for care when evaluating these suggestions [11] [12] [13] . Most of the studies primarily designed to investigate MaPl accuracy were conducted on magnetic resonance imaging (MRI)-based PSI and reported controversial results, with the accuracy of the MaPl ranging from 38 to 100% across different investigators [11, 12, [14] [15] [16] . With computed tomography (CT)-based PSI, a superior dimensional accuracy of bone modelling can theoretically be achieved, but evidence on MaPl accuracy is poor, since no study exists with the sample size necessary to ensure adequate statistical power to the results [6, 17, 18] .
Furthermore, no studies were specifically designed to compare the MaPl accuracy with the surgeon's pre-operative plan (SuPl) with CT-based PSI.
The innovative purpose of this prospective study was to fill this gap in the available literature and evaluate the accuracy of the MaPl and the impact of surgeon's changes on the final accuracy of CT-based cutting guide sizes. Primary goal of this study was to compare the proportion of appropriate planning (with respect to the actually implanted size) between the MaPl and the SuPl. Secondary goals were to measure the frequency of surgeon's modifications to manufacturer's planned sizes and to evaluate their appropriateness, with respect to the actually implanted components.
The study was designed to test the hypothesis that the proportion of appropriate tibial planning by the surgeon (with respect to the actually implanted sizes) differs from that of the manufacturer by at least 25%, assuming an average accuracy in the manufacturer's sizing of 50%.
Materials and methods
Institutional review board approval was obtained prior to study initiation (Ethical Committee of ASL Milano 2, Protocol nr. 2782). Patients younger than 80 years and eligible to receive a TKA were prospectively enrolled (D.C.); exclusion criteria were the presence of any metal devices within 8 cm from knee articular surfaces or of any fixed deformities greater than 15° in varus, valgus, flexion or tibial slope. All patients underwent clinical examination, long leg knee radiographs and a CT scan from the hip to the ankle, according to the manufacturer's requests. CT scan, demographic and morphometric data were submitted for instruments' design and production. A default pre-operative plan based on patient's bony morphology, implant design, surgical specifications and bony landmarks was generated by the company (MaPl). No specifications concerning implant size were suggested by the surgeon at this stage.
The first part of this study was dedicated to the evaluation of the MaPl: the surgeon was able to change the MaPl, modifying the proposed size of the implant components. Every variation to the initial proposal was noted.
A new, modified pre-operative plan was hence delivered from the manufacturer to the surgeon for a new modification or final approval (SuPl).
A cemented, posterior stabilized prosthesis with patellar resurfacing was implanted using a medial parapatellar approach. PSI cutting guides (Trumatch ® , DePuy Orthopaedics, Inc. Warsaw, IN, USA) were used to perform proximal femur and distal tibial cuts and to guide the axial positioning of the four-in-one cutting block. According to the manufacturer's instructions, osteophytes were not removed unless explicitly indicated on the pre-operative plan. Before positioning the femoral four-in-one cutting block and the tibial keel reaming instrumentation, the implant sizes were checked with conventional instrumentation. The same surgeon, with extensive experience in TKA and four years experience with PSI, performed all interventions (P.R.).
The second part of this study was dedicated to the evaluation of the SuPl: the surgeon was able to follow or discard the SuPl suggestions, modifying the proposed size of the implant components. The appropriate size was then chosen and implanted.
In both evaluative steps of this study, the optimal component size was defined as that leading to the best congruence of the prosthetic component to the bony surfaces, without mediolateral overhang. The surgical transepicondylar axis was chosen as reference for the femoral component rotation and Akagi's line for the tibial one [19] . Cases in which an intra-operative change of the implant size was requested to correct ligamentous balance were not included in this series.
According to the institution's standard operating procedure after TKA, four days after surgery all patients underwent a post-operative radiographic control with lateral and anteroposterior weight-bearing views, in which five parameters were evaluated: femoral component mediolateral overhang, femoral component flexion, tibial component mediolateral overhang, tibial varus/valgus, and tibial slope [20] . This internal quality control was performed by two independent examiners (R.C, P.F.), neither involved in the surgical procedures nor in statistical analysis.
The implanted sizes were then compared to the sizes planned in the MaPl and in the SuPl.
Statistical analysis
Statistical analysis (A.M.) was performed using GraphPad Prism v 6.0 software (GraphPad Software Inc.) and Microsoft Excel (Microsoft Corporation). The Shapiro-Wilk normality test was used to evaluate the normal distribution of the sample. Continuous variables were expressed as median and interquartile range [first and third quartiles] or mean ± standard deviation as appropriate. Dichotomous variables are expressed in numbers of cases and frequencies. The differences for categorical variables were tested using the Fisher's exact test. Agreement between results for pairs of planned and implanted sizes was evaluated by use of the Bland-Altman method [21] . Bland-Altman plots were produced to show the agreement between the two measurements of planned and implanted sizes: the differences between measurements were plotted on the y-axis against the mean of the measurements, plotted on the x-axis. The limits of agreement (LOA) were defined as the 95% confidence interval (CI) of the mean difference between the sizes.
For all analyses, the significance level was set at p value lower than 0.05.
Power analysis and cut-off values to define the sample size were based on the published data at the time of study design [11, 12] , to test the hypothesis that the proportion of appropriate tibial planning by the surgeon (with respect to the actually implanted sizes) differs from that of the manufacturer by at least 25% (assuming an average accuracy in manufacturer's sizing of 50%).
Results
Records were available for 45 knees [left knee 24 cases; females 30 cases; median age 73.3 (66.9-76.2) years; mean body mass index: 28.7 ± 3.9 kg/m 2 ].
The femoral size in the MaPl was modified by the surgeon in the pre-operative phase in five cases (11.1%) and the tibial size in 23 (51.1%); altogether, in 24 knees (55.6%) pre-operative modifications were performed (Figs. 1, 2) . The most frequently requested modification to the MaPl was an upsizing of the tibial tray (23 cases, 51.1%); in no cases the surgeon requested to downsize the implants.
Further intra-operative modifications from the SuPl were needed in 6 femoral components (13.3%) and 12 tibial trays (26.7%), with at least one modification in 16 cases (35.6%). In comparison, the MaPl differed from the final implant in 20% of the femoral components (p: n.s.) and 51.1% of the tibial trays (p = 0.03) and at least one modification occurred in 62.2% of cases (p = 0.02). In no cases a change greater than one size was required. The proportion of intra-operative changes from the SuPl was significantly smaller than that from the MaPl when considering the tibial tray alone and both components together ( Fig. 1 ; Table 1 ).
For the femoral components, agreement between MaPl and final implant was poorer than agreement between SuPl and final implant. On the contrary, for the tibial components, the overall agreement was poorer between SuPl and final implant, but the SuPl appeared to approximate more precisely the final implant than the MaPl (SuPl 73%, MaPl 49%, p = 0.03). The MaPl showed a tendency to underestimate the tibial tray size, throughout the spectrum of different sizes available; the SuPl, on the contrary, overestimated the sizes of some tibial trays, especially among the larger ones (Fig. 2) . The agreement between MaPl and SuPl was poor, especially for the tibial components (Fig. 3) .
In some cases, the surgeon, after modifying the MaPl, returned to the initially suggested size intra-operatively. We evaluated how often the surgeon's modifications from MaPl were inappropriate: in 12.0% of the femoral and 24.0% of the tibial components, the surgeon returned to the manufacturer's size, meaning appropriate approval of 88.0% and 76.0% for femoral and tibial components, respectively. In none of the 45 procedures the use of PSI instrumentation was stopped due to an excessive mismatch between preoperative planning and intra-operative observations.
Internal quality control of the post-operative radiographs revealed correctness of the investigated parameters in 97.3% of the measurements.
Discussion
The main finding of the present study was that the surgeon's accuracy to predict the final component size is significantly different from that of the manufacturer and a poor agreement between planning and implant exists. The proportion of intra-operative changes from the SuPl was significantly smaller than that from the MaPl when considering the tibial tray alone and both components together. These results indicate that the role of the surgeon is critical in evaluating the planning provided by the manufacturer in CT-based PSI, in which deviations between the suggested and appropriate component size may occur. In our series, this was especially notable for the tibial tray.
Few other studies presented data on differences between MaPl and SuPl, mainly with MRI-based PSI systems, and controversial results were reported in the six available studies which indicated the accuracy of the pre-operative plan as primary goal. Stronach et al. prospectively evaluated the templating outcomes (Biomet Signature) in 60 patients, and recorded a sizing accuracy of the MaPl to the final components of 47% for tibial components and 23% for femoral ones [11] . In the same year, Issa et al. (ShapeMatch-Stryker Orthopedics) reported sizing accuracy values of 93% (tibia) and 95.5% (femur) [14] , whereas Pietsch et al. (Zimmer PSI) reported that the proportion of implanted sizes comparable to the SuPl (tibia 84%; femur 100%) was significantly superior to that of implanted sizes comparable to the MaPl (tibia 38%; femur 84%); surgeon's changes to the MaPl occurred in 48% of the tibial and 16% of the femoral components [12] .
Possible reasons for this wide variability in the outcomes include differences in the templating software or in the type and manufacture of the cutting blocks, with margins of error differing between manufacturers. Three more recent studies, which have been conducted with the same PSI technology (Biomet Signature), show a tendency towards similar results, and none of them could confirm the disappointing results published by Stronach et al. [11] . Schotanus et al. retrospectively analysed a cohort of 293 TKA implanted with either CT-or MRI-based PSI systems, and observed that the sizes in MaPl were comparable to the implanted ones in 82.6% of the tibial and 78.8% of the femoral components; the surgeon modified the MaPl in 15.4% of the tibial and 17.1% of the femoral components and obtained a superior proportion of plans comparable to the final implant (91.1% for tibial and 93.9% for femoral components) [15] . De Vloo et al. indicated a 79% MaPl accuracy for the tibial component and 100% for the femoral one [16] . Similarly, Okada et al. recorded a 78% MaPl accuracy for the tibial size with a 2% intra-operative correction rate, whereas for the femoral size a 49% MaPl accuracy with a 7% intra-operative correction rate was documented [22] . Other authors reported variable sizing accuracy of PSI guides as secondary finding of their researches, conducted in most cases on MRI-based PSI [11, 12, [14] [15] [16] 22] .
CT-based PSI provides advantages over MRI-based PSI in terms of superior dimensional accuracy of bone modelling and reduction of procedure-related costs and scanning time [23] . On the other hand, CT scans have limitations in visualizing cartilage and expose patients to ionizing radiation [15] . Data on CT-based PSI are lacking, and no study specifically investigated the performance of the MaPl and SuPl for this kind of PSI. The series published by Schotanus et al. included 28 patients who underwent CT-based planning: the proportion of sizes from MaPl comparable to the implanted components (71.4% tibial, 67.9% femoral) appeared lower than that from SuPl (96.4% tibial, 85.7% femoral). Surgeon's changes to the MaPl occurred in 25% of the tibial and 14.3% of the femoral components.
For what concerns the specific PSI analysed in this study (Trumatch ® , DePuy Orthopaedics), few studies cited sizing accuracy among the secondary goals, and in none a comparison between the manufacturer and surgeon's planning was provided [6, 17, 18] . Woolson et al. randomized 64 patients to receive a conventional or a PSI-assisted TKA. In the study group, the size of the component was changed in 9 of 22 knees (41%): the femoral component appeared inadequate in three cases (14%), the tibial one in four (18%), and both components in two (9%). These figures are similar to what observed in our study for the femoral components (23 versus 20%), but are smaller for the tibial ones (27 versus 51%); however, the authors describe that in 7 of the 22 PSI procedures the tibial cutting blocks were abandoned due to overt malalignment, and the final cut was made with a standard extramedullary alignment guide, a procedure which may have favourably biased the sizing accuracy of the cutting guide [18] . Chotanaphuti et al. stated that the size of the planned femoral component matched the implanted component in 38 of 40 knees (appropriate MaPl 95%), whereas that of the tibial one in 36 (appropriate MaPl 90%). However, the authors measured the expected femoral size also with a conventional instrumentation jig and observed that this size was different than the pre-operative plan in 45% of the cases; nevertheless, they indicated that the only two changes in femoral size that occurred were performed to balance the flexion gap, whereas in all other cases manufacturer suggestions were accepted [6] .
Briffa et al. also agreed on figures of 95 and 90% of correct MaPl size planning, but obtained this result after performing an intra-operative double-check of the cutting blocks positioning with a pin-less computer navigation system [17] .
The reasons for the higher templating accuracy registered in previous reports with the same PSI system as compared to our study could either lay in a very zealous instrumental intra-operative control of the cutting guides position, which might have corrected minimal component malpositioning that our study setting was not designed to verify [17] or be related to the blind acceptance of the MaPl by the surgeon, which could have produced undetected over-or undersizing of the components and, therefore, an overesteem in MaPl accuracy [6] . The paucity of studies primarily designed to investigate the MaPl accuracy with CT-based PSI does not yet permit an unbiased comparison to MRI-based PSI concerning templating accuracy.
Determination of appropriate component size plays a crucial role in ensuring successful TKA: errors in femoral sizing negatively affect ligamentous balance and patellofemoral kinematics, since an oversized femoral component can lead to patellofemoral overstuffing with persistent anterior knee pain and create stiffness and joint tightness, especially in flexion [24] [25] [26] . Excessive bone resection due to undersizing of the femoral component may result in notching on the anterior femoral cortex or create a wider flexion gap, requiring correction via additional distal resection with joint line elevation, additional soft tissue release and increased insert thickness to obtain a stable joint [27, 28] . An oversized, medially or laterally protruding tibial component can lead to decreased flexion and persistent pain due to distension of the medial collateral ligament medially or the ileotibial band laterally, while anteriorly or posterior overhang may lead to impingement with the patellar tendon or damage the popliteus tendon [29] [30] [31] . Finally, undersized tibial component can lead to insufficient bone coverage, periprosthetic fractures, subsidence and premature prosthesis failure [32, 33] .
Therefore, correct match between the pre-operative plan and intra-operative observations is a key factor in PSIassisted TKA: if a poor match is noted, the surgeon may consider the cutting guide unreliable, decide to abort the PSI procedure and switch to a conventional instrumentation system for alignment and sizing, increasing, however, operative time and procedure-related costs. This critical aspect, already reported in previous reports, was not observed in our series [13, 18, 34, 35] .
However, we observed a tendency of the MaPl to underestimate the tibial tray sizes, throughout the spectrum of different sizes available and we noted that the agreement between MaPl and SuPl was poor, especially for the tibial components (Fig. 3) . This study has some limitations. The surgeon could neither be blinded to the manufacturer's planning nor to the modified planned. Implant sizing was considered as the sole variable in this study; this indeed may be also affected by other surgical needs uncontrollable by planning software, as ligamentous balancing and patellar overstuffing or tracking issues. In our series, no size changes were necessary due to unmatched bony gaps or patella-related issues. Furthermore, the planning and operating surgeon was the same; this could represent a bias on the choice of the final implant size, but, nevertheless, reduces variability in implant sizing strategies. Finally, a single type of PSI was tested (Trumatch ® , DePuy Orthopaedics); other systems may perform differently and these results may then not be representative for all different custom-fit technologies available.
The results of this study question the reliability of the MaPl in CT-based PSI, showing that frequent pre-and intra-operative modifications are required to obtain the ideal component size; therefore, a careful evaluation of the initial MaPl by an experienced knee surgeon is recommended in the clinical setting when using these planning systems.
Conclusions
The surgeon's accuracy in predicting the final component size is significantly different from that of the manufacturer; furthermore, intra-operative modifications are significantly inferior when comparing the surgeon's to the manufacturer's plan. The role of careful evaluation by an experienced surgeon in both planning phase and PSI guides positioning is of utmost importance when dealing with CT-based cutting guides, and blind acceptance of manufacturer's plans is discouraged.
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